ABSTRACT: There has been a long-standing controversy regarding the effect of chemical denaturants on the dimensions of unfolded and intrinsically disordered proteins: A wide range of experimental techniques suggest that polypeptide chains expand with increasing denaturant concentration, but several studies using small-angle X-ray scattering (SAXS) have reported no such increase of the radius of gyration (R g ). This inconsistency challenges our current understanding of the mechanism of chemical denaturants, which are widely employed to investigate protein folding and stability. Here, we use a combination of singlemolecule Forster resonance energy transfer (FRET), SAXS, dynamic light scattering (DLS), and two-focus fluorescence correlation spectroscopy (2f-FCS) to characterize the denaturant dependence of the unfolded state of the spectrin domain R17 and the intrinsically disordered protein ACTR in two different denaturants. Standard analysis of the primary data clearly indicates an expansion of the unfolded state with increasing denaturant concentration irrespective of the protein, denaturant, or experimental method used. This is the first case in which SAXS and FRET have yielded even qualitatively consistent results regarding expansion in denaturant when applied to the same proteins. To more directly illustrate this self-consistency, we used both SAXS and FRET data in a Bayesian procedure to refine structural ensembles representative of the observed unfolded state. This analysis demonstrates that both of these experimental probes are compatible with a common ensemble of protein configurations for each denaturant concentration. Furthermore, the resulting ensembles reproduce the trend of increasing hydrodynamic radius with denaturant concentration obtained by 2f-FCS and DLS. We were thus able to reconcile the results from all four experimental techniques quantitatively, to obtain a comprehensive structural picture of denaturant-induced unfolded state expansion, and to identify the most likely sources of earlier discrepancies.
■ INTRODUCTION
Understanding the properties of unfolded and disordered proteins is an important goal in biophysics. This is first because the unfolded state of globular proteins represents the starting point for protein folding, and its properties are closely connected to theories of folding. 1−6 Second, for the large class of intrinsically disordered proteins (IDPs), which do not fold even under physiological conditions (at least in the absence of their binding partners), 7, 8 the physical properties of their disordered states should be intimately related to their function, as has been demonstrated in several cases. 9, 10 A number of powerful experimental techniques have emerged which can shed light on highly disordered conformations, including singlemolecule Forster resonance energy transfer (FRET), 11, 12 nuclear magnetic resonance (NMR), 13 small-angle X-ray (or neutron) scattering (SAXS or SANS), 14 dynamic light scattering (DLS), 15 two-focus fluorescence correlation spectroscopy (2f-FCS), 16 and photoinduced electron transfer (PET). 17 Ideally then it should be possible to construct a self-consistent description of unfolded and disordered states based on information from these different experiments.
However, a discrepancy has emerged in the literature regarding the effect of chemical denaturants on the radius of gyration (R g ) of unfolded proteins. With some exceptions, 18−20 several studies using SAXS and SANS experiments did not find a statistically significant change in unfolded state R g over the experimentally accessible range of denaturant concentration for two-state folding proteins 20−24 and for an IDP. 25 For larger proteins, collapse upon denaturant dilution has been observed in time-resolved SAXS experiments, but in those cases the presence of stable folding intermediates modulating the observed R g cannot be excluded. 26−28 In contrast, FRET 11,29−35 and contact-based quenching experiments 34, 36 show an increase in the average distance between labeled sites with denaturant, and NMR, 20 DLS, 15,37 1-and 2f-FCS, 38−40 as well as analytical size exclusion chromatography studies 41 provide evidence for an increase in hydrodynamic radius (R h ) with increasing denaturant concentration. Such an expansion would be consistent with improved solvation by the denaturant solution, 33, 42, 43 currently understood to be the mechanism by which chemical denaturants destabilize folded proteins. 33 The increase in average distance observed by FRET is accompanied by an increase of the polymer scaling exponent for the unfolded state. 40 However, even the fractal dimension (the inverse of the scaling exponent) measured by SAXS has been reported to be denaturant independent for several IDPs or the unfolded state of two-state proteins, 23, 25 although a urea-dependent fractal dimension has been found for reduced RNase A. 44 Thus, while the analysis of each type of experiment appears internally consistent, the outcomes from SAXS and FRET experiments have led to qualitatively different conclusions. Indeed, for the single protein that has been investigated by both methods so far (protein L 21, 31, 45 ), very different results have been obtained from SAXS and FRET experiments. The discrepancy persisted in recent follow-up efforts on protein L, in which the experimental conditions in SAXS were matched to FRET, 23 as well as in a study on the effect of denaturant on the R g of polyethylene glycol (PEG) monitored by SANS and FRET 22 (as for proteins, both urea and guanidinium chloride are known to associate favorably to PEG 46 ). In contrast, changes in the R g of unfolded proteins upon variation in pH or reduction of disulfide bridges have been unequivocally identified by SAXS, illustrating its fundamental suitability for identifying changes in unfolded state dimensions. 47, 48 Therefore, a reconciliation of the observations from SAXS and FRET in denaturant is still lacking. Clearly it is critical to resolve this issue, because it implies that at least one of the experiments is being incorrectly interpreted, with implications for their application to other problems related to unfolded and intrinsically disordered proteins. Furthermore, the absence of denatured-state expansion would contradict common theories for the mechanism of chemical denaturation 33, 49, 50 and would overturn our understanding of this important process.
Here, we set out to understand the origin of this disagreement. To do so, we have chosen to systematically study two different proteins by a broad array of experimental and computational techniques using identical solution conditions and samples across the different types of experiment. As much as possible, the same protein constructs were used for all experiments, apart from the addition of donor and acceptor chromophores for FRET and a single dye for 2f-FCS. For the proteins, we selected a destabilized mutant of the spectrin R17 domain (R17 C66A/L90A or R17d) and the intrinsically disordered activator for thyroid hormone and retinoid receptors (ACTR). 51, 52 This choice was motived by the desire to capture different sequence properties, since ACTR lacks a stable fold whereas R17 folds into a three-helix bundle, as well as a difference in size (by 39 residues, sequences in Table S1 ). Importantly, both proteins can be studied over a wide range of denaturant concentrations, because ACTR does not fold in the absence of a binding partner, 51−53 and R17d is completely unfolded even at low denaturant concentration (note, however, that the collapse behavior is not affected by the destabilizing amino acid exchange in R17d and is very similar to other spectrin domains 54 ). Therefore, there is no need to separate out a folded-state population, otherwise a major complication for ensemble-averaged experiments. Furthermore, previous work has shown ACTR to have only low helical content in water, 51, 55 and residual helical structure was not detected for unfolded R17. 56 Therefore, these proteins should also not have an unusual predisposition toward collapse in water due to secondary structure formation. Both proteins are highly soluble, so that potential aggregation problems occurring at relatively high protein concentrations required for SAXS and DLS are minimized. We study each protein in both of the most commonly used chemical denaturants, urea and guanidinium chloride (GdmCl).
We investigated the degree of unfolded-state expansion via four different experimental techniques that probe directly either intramolecular distances or hydrodynamic radii ( Figure 1 ). In the first class are single-molecule FRET experiments, which probe distance distributions between individual pairs of residues, exploiting the Forster relation between the FRET efficiency and the distance between pairs of fluorophore-labeled residues 57 ( Figure 1a ). The resulting average intramolecular distances and the R g can then be estimated by using the statistics of a suitable polymer model. 58 The R g can be obtained more directly from SAXS experiments by using a Guinier analysis of the scattering at very small angles from a monodisperse protein solution: 59 Provided the noise in the data is small enough, the linear region of the Guinier plot yields a model-free estimate of R g (Figure 1b ). Chain expansion can also be directly probed with SAXS by analyzing the fractal dimension at intermediate scattering angles. 60 Another quantity which is related to molecular size is the hydrodynamic radius, R h , defined as the radius of a spherical object having the same translational diffusion coefficient, D, as the protein, according to the Stokes−Einstein relation. Although there is no simple quantitative relation between R h and R g for unfolded proteins, R h is nevertheless expected to follow the same qualitative trend as R g with increasing denaturant concentration. We used both 2f-FCS 16 and DLS 61 to obtain independent measures of R h . 2f-FCS (Figure 1c ) uses the correlations between photons from a labeled protein, recorded from overlapping detection volumes displaced by a fixed distance to measure D, and is thus less prone to instrumental artifacts (such as changes in the size of the observation volume with refractive index) than conventional single-focus FCS. 16 Dynamic light scattering ( Figure 1d ) estimates D by analyzing the time correlation of light scattering intensity fluctuations due to the movement of the protein molecules in solution. D obtained by 2f-FCS and DLS can then be used to calculate R h .
Thus, we have four independent measures of the effect of denaturant on unfolded state dimensions. For each type of experiment, we apply the standard analysis methods in order to extract the denaturant dependence of the average intramolecular distance (FRET), R g (SAXS), or R h (DLS and 2f-FCS). In addition, we integrated the SAXS and FRET data with molecular simulations via a Bayesian reweighting procedure, 62 from which we infer representative ensembles of protein configurations that explain all of the experimental results. Each of the experimental techniques and the integrated analysis suggest that the chains expand with increasing denaturant concentration; moreover, the fitted ensembles are able to explain quantitatively both the FRET and the SAXS data as well as the two measures of R h , indicating that all of the different types of experimental data can be interpreted consistently. Our results suggest a number of possible reasons for the apparent discrepancies reported previously. In particular, it is very challenging to observe expansion in equilibrium SAXS experiments due to (i) a smaller relative change in R g than in the end-to-end distances probed by FRET, (ii) a large part of the expansion happening at low denaturant concentrations (inaccessible to ensemble-averaged measurements for stable folded proteins), and (iii) pronounced sensitivity of Guinier analysis to the range of scattering angles employed. Second, standard analysis of FRET experiments can slightly overestimate expansion.
■ RESULTS
Single-Molecule FRET. Forster resonance energy transfer probes the distance between a pair of residues labeled with chromophores via the well-known distance dependence of the transfer efficiency described by Forster theory. 57 Three different pairs of labeling positions were used both in ACTR and in R17d to map different segments of the chain (Table S1) , and the six corresponding variants were measured in both GdmCl and urea. In Figure 2a and 2b, we show example FRET (Table S1 ). (a and b) FRET efficiency histograms at low and high denaturant concentrations. (c and d) Dependence of measured transfer efficiencies on GdmCl (cyan) and urea (magenta) concentration. Statistical errors from repeated measurements are reported as vertical and horizontal error bars; systematic errors in transfer efficiencies primarily due to instrument calibration (±0.02) are indicated as shaded areas of the corresponding color. (e and f) Root-mean-square values of the end-to-end distance, R, as estimated by assuming the distance distributions of a Gaussian chain (cyan) or a self-avoiding walk (SAW, dark blue). Light shaded areas represent systematic errors propagated from those in transfer efficiency. (g and h) Apparent rootmean-square radii of gyration (R g app ) as inferred from R (e and f), and the expected universal ratios for the Gaussian chain (R 2 /R g 2 = 6) or the SAW model (R 2 /R g 2 ≈ 6.26), respectively. 68 Light gray shaded areas indicate the uncertainties from propagation of error (±0.02) in transforming R 2 to R g 2 . (i and j) Scaling exponents obtained by fitting the interdye distances of the three different protein labeling variants (Table S1 ) simultaneously to R = B|i − j| ν with a fixed B of 0.55 nm, 40 where i and j are the labeling positions of the respective variants for both the Gaussian and the SAW cases. Values and standard deviations from the fit are reported for the interdye distances obtained assuming a Gaussian chain (cyan) and a SAW model (blue). Fits (solid lines) represent a weak binding model, including a polyampholyte contribution for ACTR in GdmCl. 63 Corresponding data in urea are shown in Figure S17 . efficiency histograms at low and high denaturant concentration (protein concentration ≈ 50 pM) for the N-/C-terminally labeled variants R17d−R1C/Q116C and ACTR S1C/S73C ("R17d 1−116" and "ACTR 1−73" in the rest of the paper), demonstrating the existence of a single (unfolded) population under all conditions, whose position shifts continuously with denaturant concentration (a larger set of histograms is shown in Figure S1 ). Equilibrium ensemble denaturation curves determined by intrinsic tryptophan fluorescence of R17d (unlabeled protein used for SAXS and DLS) confirm complete unfolding above ∼0.2 M GdmCl ( Figure S2 ). In Figure 2c and 2d we summarize the variation in mean transfer efficiency with denaturant concentration computed from FRET efficiency histograms for the four combinations of terminally labeled proteins and denaturants. Consistent results were obtained from the analysis of fluorescence lifetimes ( Figure S3 ). In each case, there is a clear decrease in efficiency as the denaturant concentration is increased, indicating that the protein chain is expanding, a similar result to that obtained with other proteins. 11, 35, 40, 64 (For ACTR, an initial increase in transfer efficiency is observed at low concentrations of GdmCl because of screening of the electrostatic repulsion commonly observed in charged IDPs. 58, 63 ) The FRET efficiency reports on the pair distance between the probe chromophores, but since a broad distribution of distances contributes to the observed signal, additional assumptions are needed to obtain quantitative distance information. (Additional aspects influencing the analysis, such as fluorescence lifetime and rotational averaging of the fluorophores, are discussed in the SI.) The most commonly used analysis procedure assumes, as an approximation, the distance distribution, P(r), of a suitable polymer model whose shape is determined by a single adjustable parameter, which is thus uniquely determined by the experimental transfer efficiency. 30, 31, 35, 58, 65 From the resulting P(r), a measure of the average interdye distance can be obtained, most commonly in terms of the root-mean-square distance, R = ⟨r 2 ⟩ 1/2 . We used the P(r) of several different polymer models to perform the conversion from transfer efficiency to R, namely, the Gaussian chain, the worm-like chain, the Sanchez model, 31 ,33 and a selfavoiding walk (SAW), corresponding to a chain with excluded volume (details in SI text). The results illustrate some variability in the resulting R values due to the choice of P(r), with the Gaussian chain and SAW yielding the largest and smallest values of R, respectively (Figure 2e and 2f), but all showing a clear swelling of the unfolded chain with increasing denaturant concentration, well outside the experimental error. On the basis of the analysis of molecular simulations including both excluded volume and attractive interactions, the P(r) of a Gaussian chain provides reasonable values of R for relatively compact chains but tends to overestimate R for more expanded chains ( Figure S4) , 58, 65, 66 leading to the largest apparent change in unfolded state expansion, while the SAW chain recapitulates the R from simulation remarkably well.
For a more direct comparison to SAXS data, an estimate of R g can be made based on polymer theory that approximates the relation between R and R g (R g = ⟨r g 2 ⟩ 1/2 , where r g is the radius of gyration of an individual conformation). Unfolded proteins commonly explore a range of compactness between two limits: the Θ state, where attractive and repulsive chain−chain and chain−solvent interactions are balanced such that the polypeptide chain obeys the length scaling of an ideal chain, 67 and the excluded volume limit, typically approached at high denaturant concentration, where the chain interacts preferentially with the solvent and is dominated by repulsive intrachain interactions. 40 In this interval, R 2 /R g 2 is expected to vary between 6 and 6.26 for a Gaussian chain and a SAW, respectively, 68 the values that we use here for estimating bounds on R g from FRET ( Figure 2g and 2h, see SI text for details). Note that ∼50% of the change in chain dimensions occurs below ∼2.5 M GdmCl or ∼3.5 M urea, with less variation over the higher concentrations, which are those commonly accessible in equilibrium ensemble-averaged experiments on folding-competent proteins. Although the observed increase in R g of the unfolded ensemble is robust toward the choice of the particular polymer model, possible quantitative limitations of these simple models have been suggested earlier, 63, 65, 66 prompting us to employ a Bayesian reweighting analysis based on ensembles of unfolded structures generated by molecular simulations to avoid these problems (see below).
An alternative measure of chain expansion is the scaling exponent, ν, which relates the average distance between points in the chain to their separation in sequence, N, via scaling laws of the form R = B·N ν (see also SI) and which can thus be estimated from the FRET-derived values of R. The value of ν is expected to be 1/3 in poor solvent, i.e., conditions where the chain interacts strongly with itself and therefore is very compact (a regime not commonly explored by natural unfolded proteins), ∼1/2 under Θ conditions (approximately corresponding to native buffer 40, 44 ), and ∼3/5 in good solvent (e.g., at high denaturant concentration 40, 69, 70 ). 67 Taking advantage of the observation that the prefactor, B, for proteins varies only within a narrow range, 40 we estimated the scaling exponent as a function of denaturant concentration from the analysis of the data for the three labeling variants of each protein in GdmCl and urea (see SI for details). Figure 2i and 2j shows the results, with a transition from values of ν close to 1/2 at low, to values of ∼3/5 at high denaturant concentrations, reflecting the expansion of the chain with increasing solvent quality.
SAXS. X-ray scattering from dilute, monodisperse protein solutions provides rich information on the distributions of interatomic distances within each molecule. We recorded solution X-ray scattering intensities, I(q), for ACTR and R17d over a wide range of GdmCl and urea concentrations (between 0.32 and 6.95 M GdmCl and between 0.58 and 9.02 M urea). In addition, we recorded data at multiple protein concentrations ranging from ∼4.6 to ∼0.6 mg/mL ( Figure S5 ) to check for the absence of artifacts due to intermolecular correlations and protein aggregation (further discussed in the DLS section below). We first apply the Guinier analysis as the most direct method to extract the radius of gyration from the data at small momentum transfer, q, where
]. Therefore, in the limit q → 0, the slope of the Guinier plot of log[I(q)] versus q 2 should yield R g directly. The Guinier plots for a representative set of denaturant concentrations are shown in Figure 3a for each protein and denaturant combination. Despite the apparent similarity of the full SAXS curves ( Figure S5 ), we find a clear systematic variation of the slope in the Guinier region that indicates an increasing R g with increasing denaturant concentration.
The Guinier approximation is valid only for a very limited range of q ≤ q max , the accepted range for folded proteins being q max R g ≤ 1.3. However, this range is known to be more limited for unfolded proteins, since the higher order terms in the expansion from which the Guinier approximation is derived are larger for more extended conformations. 44, 71 Indeed, using increasing values of q max for Guinier fits leads to a systematic underestimation of R g , as seen in Figure 3b , where we fitted the Guinier region for R17d in 4.96 M GdmCl using different values of q max R g , clearly showing that the fitted radii of gyration become progressively smaller as q max R g increases. It is noteworthy that we observe a similar dependence of R g on q max R g for lower protein concentrations, suggesting that this is not an artifact due to weak protein association (Figure 3b) . To examine the influence of q max on the resulting expansion with increasing denaturant concentration, we also show in Figure 3c the estimated R g as a function of GdmCl concentration for R17d using different limits for q max R g . Employing larger q max R g limits to define the Guinier region results in a progressive suppression of the denaturant-induced increase in R g . Similar results are obtained for other protein/denaturant combinations ( Figure S6 ). However, as q max R g is decreased, the reduced number of data points available results in increasingly large errors, such that it becomes harder to detect a systematic change in R g as q max R g is varied in the range 1.1−1.3 for R17d at any single denaturant concentration (Figure 5e ). However, an inverse-variance weighted average of the ratio R g (q max R g = 1.1)/R g (q max R g = 1.3) over all R17d data points in urea and GdmCl equals 1.018, and the corresponding value for R g (q max R g = 1.0)/R g (q max R g = 1.1) equals 1.009. The trend is clearer for ACTR due to its smaller size and larger number of data points in a given q max R g range, resulting in higher precision for the fitted R g valuesthe corresponding averaged ratios are 1.039 and 1.025. These observations indicate systematic differences in the R g values determined throughout the entire commonly used q max R g range of 1.0−1.3 for both proteins studied here.
To complement the experimental analysis, we performed Guinier analysis on the scattering intensities calculated from allatom MD simulations of ACTR, 72 where scattering curves can be computed accurately down to much smaller angles than experimentally possible and which are free from concerns about sample imperfections ( Figure S7 ) or data precision. In this case, we find that Guinier estimates of R g achieve an accuracy better than 0.05 nm only for q max R g < 0.9. Importantly, the value of this upper bound decreases with protein chain expansion, which could lead to larger suppression of an apparent fitted R g relative to the true value at higher denaturant concentrations. This detrimental effect is further amplified by the removal of the experimental lowest-q data, which are inaccessible due to beam stop shadowing, stray scattering, and sample nonidealities, as well as by the decrease in the precision of these data due to a small number of detector pixels recording them and the increased capillary scattering, emphasizing the challenges of extracting the radius of gyration from the rather noisy experimental data at low angles. Finally, as observed with FRET, about half of all of the expansion occurs at the lower denaturant concentrations (below ∼2.5 M GdmCl or ∼3.5 M urea).
We can also obtain a direct estimate of the polymer scaling exponent, ν, from the SAXS intensities. At intermediate scattering angles above the Guinier range, the intensity has a power law dependence on q, i.e., I(q) ∝ q −D m , where D m = 1/ν is the mass fractal dimension. We estimate D m by fitting the
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Such fits are shown in Figure 3d for R17d in GdmCl (corresponding plots for R17d and ACTR in urea are given in Figure S8 ). It is important to note that while the linear region in this plot is expected to exist, its bounds may vary with the experimental conditions and become harder to select with confidence with the decreasing experimental signal/noise associated with the poorer contrast at high denaturant concentrations. We have chosen the linear region by minimizing χ 2 for a linear fit as a function of the position and width of the fitting window (details in Figure S8 ). Although the data at these q values are less precise than those within the Guinier range, we can nonetheless identify a systematic change in slope with denaturant concentration. The decrease in D m obtained from SAXS, shown in Figure 3e , is qualitatively consistent with the increase of ν inferred from FRET and is similar to the decrease of D m with increasing urea concentration previously observed for RNase A. 2f-FCS. To obtain an additional independent measure of protein expansion, we also quantified the hydrodynamic radius, R h , of each protein as a function of denaturant concentration from its translational diffusion coefficient and the (independently measured) solvent viscosity using the Stokes−Einstein relation (details in SI text). 2f-FCS with a purely optical generation of two laterally displaced but overlapping foci (resulting in a fixed and well-defined distance) is a recently developed method for determining diffusion coefficients from fluorescently labeled molecules with high precision by measuring the correlation between photons detected in the two foci. 16 It avoids some of the technical challenges of conventional (single-focus) FCS, such as optical saturation effects and changes in refractive index (a particularly important aspect for measurements at different denaturant concentrations). We measured R h with 2f-FCS for R17d-Q116C singly labeled with a donor dye (R17d-488) and ACTR-S1C singly labeled with an acceptor dye (ACTR-594), both in GdmCl and urea, and find an increase in R h with denaturant concentration in each case (Figure 4) . However, the relative change in R h over the accessible range of denaturant concentration is much smaller than for R and R g , similar to previous observations of the coil-to-globule transition of homopolymers. 73 Dynamic Light Scattering. A second, independent, way of determining hydrodynamic radii is via DLS. In this case, the experiments were performed with unlabeled protein at concentrations of denaturant between 0.2 and 6.95 M GdmCl and between 0.58 and 9.02 M urea. The method uses the correlation times of scattering intensity fluctuations to determine molecular translational diffusion coefficients, and hence R h , 61 and is sensitive to small variations in this parameter. 75 Effects from the nonideality of the solution due to the high protein concentrations required were investigated systematically by measurements at different protein concentrations (see SI text and Figure S9a,b) . Again, we observe an increase in R h with increasing denaturant concentration for all samples, very similar to that calculated from 2f-FCS (Figure 4) . We note that although both DLS and 2f-FCS can measure R h with high precision (corresponding to reliable relative changes in chain expansion), systematic errors (e.g., from determining the distance between the foci in 2f-FCS of about 2.5%) must be taken into account for the accuracy of the results (corresponding to the absolute values of R h ). Accordingly, both statistical and systematic errors are reported in Figure 4 . Note also that the values from 2f-FCS are generally slightly larger than from DLS, consistent with an increase in size due to the additional fluorophore attached to the protein for 2f-FCS. This result further suggests that the labeling with our fluorophores only increases the protein size slightly, while dye−protein interactions do not exert a detectable effect on the change in unfolded state expansion.
An additional benefit of using DLS is that it allowed us to quantify even small fractions of protein aggregates present in our samples in a range that would be difficult to detect by SAXS. Although R17 and ACTR are highly soluble proteins and we employed strict handling protocols to minimize aggregation (see SI text), we still found detectable traces of slow-diffusing particles in our samples (see SI text and Figure S9c,d ): for both R17d and ACTR they amounted to less than 1% of weight concentration in all denaturant concentrations, and their presence was significantly reduced after centrifugation, which was part of the SAXS sample processing protocol before data acquisition (see SI). However, in order to estimate the magnitude of the possible impact of such large particles on the R g values determined via the Guinier fits of the SAXS data, we simulated the structure of a hypothetical protein aggregate consistent with the ∼80 nm size extracted from DLS measurements ( Figure S9d ). Close packing of the members of the ensemble determined via the SAXS/FRET fit of the R17d data in 1 M GdmCl results in aggregates containing ∼27 000 monomeric subunits. The scattering profiles predicted for such particles fall off by ∼4 orders of magnitude from the zero scattering angle to q = 0.005 Å −1 and lead to changes in the fitted R g not exceeding 0.02−0.03 nm, well below our experimental uncertainties. ) from the ABSINTH structure ensembles with weights determined from combined fits to the SAXS and FRET data (gray symbols). Values of R h from 2f-FCS are the average of three or more independent measurements; error bars show the resulting standard deviations. Shaded areas indicate a 2.5% systematic error estimated for 2f-FCS and DLS measurements and a 5% average model error for the HydroPro calculation. 74 R h values shown from DLS are either extrapolated to infinite protein dilution (d) or measured at the lowest possible protein concentration with sufficient signal-to-noise (see Figure S9a ,b for plots of the protein concentration dependence of R h in DLS experiments). Solid lines are fits to a weak binding model, including a polyampholyte contribution describing the initial collapse of ACTR at low GdmCl concentrations. 63 
Article In summary, all four experimental techniques we employed expose a clear change in unfolded state expansion with increasing denaturant concentration for both proteins and both denaturants investigated (i.e., 16 different combinations). However, the relative changes in the quantities accessible from the different methods are significantly different (Table S2) , raising the question whether these results can be accounted for consistently. We analyzed all experiments by using standard techniques with the simplest possible models. However, each experiment carries its own uncertainties due to the way the data are interpreted. For example, FRET experiments must employ a specific model to obtain the distribution of donor−acceptor distances P(r) over which the transfer efficiency is averaged. With SAXS, the extraction of the radius of gyration from raw data is relatively model free. In practice, however, it is complicated by the narrow range of the Guinier region for a heterogeneous ensemble, the large experimental noise at the low protein concentrations necessary to ensure the absence of interparticle repulsion or protein association effects, as well as at higher denaturant concentrations due to poorer protein/ solvent contrast. Ideally, one would use all of the available scattering data to estimate the molecular size. However, modelfree analysis of the wider angle data is more challenging: The distance distribution function, P(r), and the associated R g are commonly calculated via a regularized Fourier transform, which creates a regularizer bias toward distributions characteristic of globular folded particles and may thus be ill suited for the analysis of structurally diverse IDPs. Accurate extraction of R g via P(r) methods is further complicated by the inevitable underestimation of the maximum dimensions for an unfolded protein, motivating the development of ensemble refinement methods. 76 Alternatively, wide-angle data can be fitted to the Debye analytical expression for a Gaussian chain, 77 but our scaling exponent data suggest deviations from Θ conditions in most cases, and the Debye model is known to fit poorly for chains with excluded volume at larger q. 78 Lastly, we would ideally like to compare the results for R, R g , and R h more directly, and there is no generally applicable analytical relation between them. Is there a way to obtain all of the desired parameters by employing the different experimental data at our disposal and concomitantly to overcome the inherent uncertainties and limitations of each individual technique?
Bayesian Reweighting of Structure Ensembles. One way to achieve all of these goals is to use an explicit molecular model that accounts for the expected conformational heterogeneity of unfolded proteins. Such approaches using ensembles of structures have previously been successful in interpreting combinations of many types of data, including those from SAXS, NMR, EPR, and FRET experiments.
79−84
Here, we approach this task by first generating a trial initial ensemble via simulations with the ABSINTH implicit solvent model. 85 The SAXS intensity for each structure in the initial ensemble is then calculated with CRYSOL, 86 in which the default background electron density and hydration shell are used. A comparison between the SAXS calculation using continuum or atomistic representations of solvent can be found in a related work, 72 showing that the continuum model reproduces excellently the Guinier region of SAXS intensity (q < 0.04 Å −1
) and the corresponding R g , so that any effects of solvent structure must have little impact on R g . FRET efficiencies are calculated for each structure using the Forster relation. 57 We then apply a reweighting procedure to achieve agreement with the experimental data using the EROS method. 62, 81 A key feature of the analysis is a regularization procedure to prevent overfitting of the data to the very large number of structures in the initial ensemble relative to the number of experimental data 76,81,87−90 (described in SI text and Figure S10 ).
To test whether we are able to recover a representative ensemble, we first applied the procedure to synthetic FRET efficiencies and SAXS intensities calculated from all-atom, explicit solvent simulations of ACTR in urea, 72 in which case the true properties of the molecular ensemble are known. We find that the distributions of R g , R, and R h recovered from the reweighting of the implicit-solvent model to match the synthetic FRET and SAXS data agree very well with those estimated directly from the all-atom simulations 72 (much better than the unweighted implicit solvent models) ( Figure S11 ). Note that the differences between SAXS curves calculated from simulations with increasing denaturant concentrations are quite subtle, as in experiment, yet associated with a clear increase in R g .
We thus applied the same Bayesian ensemble reweighting approach to a joint analysis of the FRET and SAXS data, whose quantitative relation to the structure ensemble is more straightforward than for hydrodynamic data. In Figure 5a , we show examples of the quality of fit and residuals for the reweighted ensembles for R17d and ACTR SAXS data in GdmCl (results for urea are given in Figure S12 ), and in Figure  5b the quality of the fit to the FRET data using multiple labeling positions. We find that we are able to fit both data sets very well, showing that they are mutually compatible. There is a small deviation from the experimental SAXS data for q > 0.1 Å −1 ; however, differences are expected at larger q due to the lack of a realistic model of solvent structure: a comparison of a SAXS calculation using both protein and solvent molecules from an all-atom simulation with one using only the protein and a continuum solvent model also starts to show deviations at q ≈ 0.1 Å −1 . 72 Below this q, however, both calculations give very similar results, demonstrating that a detailed solvent model is not required to account for this low q range. 72 The distributions of r g from the resulting ensembles reweighted using the experimental data, shown in Figure 5c , reveal a systematic expansion with increasing denaturant concentration. We note that this expansion is determined both by the SAXS and by the FRET data: separate reweighted ensembles using only SAXS or only FRET data recover a similar trend in R g to that from the combined fit ( Figure S13 ). The consistency with the R g from the ensembles determined using only one type of data also shows that the ensemble using both SAXS and FRET is not simply "interpolating" between the data sets, but rather, both experiments are pointing to the same outcome. An additional independent test of the molecular ensembles is their comparison with the results from 2f-FCS and DLS. Thus, we computed hydrodynamic radii from the reweighted ensembles determined by reweighting based on FRET and SAXS data with the shell model in the program HydroPro. 74 As shown in Figure 4 , these back-calculated hydrodynamic radii (and especially their changes with denaturant concentration) are in reasonable agreement with those estimated from 2f-FCS and DLS measurements, further cross-validating the simulated ensembles and indicating the consistency of all four experimental techniques used. Accompanying the increase of R g and R h is a modest increase in asphericity ( Figure S14 ) with increasing denaturant concentration, consistent with theoretical expectations. 66, 91 We also tested whether the ensemble analysis is sensitive to the consistency of the experimental data sets with each other. To do this we combined the ACTR SAXS data from the present work with FRET data collected with some of the most hydrophobic chromophores available for FRET (as quantified by reversed-phase HPLC, Figure S15 ), Atto 647N and Abberior STAR 635. In the absence of denaturant, a pronounced increase in FRET efficiency was observed for ACTR labeled with these dyes, indicating further collapse relative to the commonly employed hydrophilic dyes containing charged groups (e.g., Alexa Fluor 488 and 594, Table S3 ). While it is possible to select a subensemble which fits both SAXS and FRET data using the hydrophobic dyes, there are two indications that the fit is poor (Table S4) : First, a much stronger reweighting of the original ensemble is required, as measured by the lower fit entropy, compared to when the data based on the hydrophilic dyes are used. Second, if only the SAXS data are used to reweight the simulations, FRET for the hydrophilic chromophore pairs is in reasonable agreement with experiment, but the agreement for the hydrophobic chromophore pairs is poor. Similarly, if only the FRET data are used for reweighting, reasonable agreement with the SAXS data is obtained for the hydrophilic dye pair but not for the hydrophobic dyes. In summary, the analysis used here not only provides molecular ensembles compatible with all experimental data used but also enables inconsistent experimental results to be identified.
■ DISCUSSION
Overall, the results from all of the methods we employed indicate an expansion of the polypeptide chain with increasing denaturant concentration and are mutually compatible. To illustrate this consistency, we show in Figure 6 the denaturant dependencies of R and R g from the direct analysis of the FRET and/or SAXS experiments as well as from the reweighted ensembles. In all cases, we find an expansion with increasing denaturant concentration, with the most pronounced changes occurring at the lower denaturant concentrations. The steeper increase in R g at lower denaturant concentrations is consistent with the expectations of a binding model of denaturant interactions (where saturation must occur at some point) and with previous FRET studies on unfolded and intrinsically disordered proteins. 6, 35, 58, 92 Similarly, the polymer scaling exponents increase with denaturant concentration, whether estimated from FRET, SAXS fractal dimension, or the dependence of the intramolecular distances on the sequence separation in the reweighted ensembles (Figures 2 and 3 ; Figure S16 ).
While all of the experimental data indicate an expansion with increasing denaturant concentration, the ensembles resulting from our analysis illustrate a noteworthy difference in the denaturant sensitivity of the observables monitored ( Figure  5d ): over the experimentally accessible denaturant ranges, the increase in R is 28−43%, in R g 20−29%, and in R h only 9−11% (ranges denote the largest and smallest change across all protein/denaturant combinations (Table S2) ). A corresponding analysis of conformational ensembles from unbiased molecular simulations of ACTR yields similar trends (Table  S2) . These different measures of chain size thus exhibit different relative amplitudes upon expansion or collapse. Since FRET measurements are most directly related to R, the transfer efficiency is intrinsically most responsive to chain expansion. These differences in relative amplitudes are expected from R g , R, and R h from the reweighted ensembles as a function of GdmCl concentration. We plot R/√6 to place R on the same scale as R g and R h . (e) Variation of R g from Guinier fits as a function of q max R g , for direct fits to experimental scattering curves (green symbols and error bars), the I(q) calculated from the reweighted ensemble starting at q = 0 (purple line) and starting at the smallest q accessible experimentally (blue line), and the actual R g computed from the ensemble coordinates (red shaded region with a width corresponding to the uncertainty based on posterior sampling of the ensemble space). Corresponding results for urea are shown in Figure S12. polymer theory, simulations, and previous experiments. Specifically, an increase in the ratio R/R g is predicted upon expansion of polymers from Θ to good-solvent conditions by renormalization group theory 68 and from simulations of homopolymers 93 and unfolded proteins, 65 as the effective attraction between monomers is reduced. R g is also expected to exhibit a larger change upon expansion than R h from theory, 68, 94 simulations, 95 and experiments on homopolymers. 73 The sensitivity of FRET is further amplified by the highly nonlinear distance dependence of the transfer efficiency E, such that E changes are larger than 50% from the lowest to the highest denaturant concentration in all cases. The combination of these effects helps to explain why unfolded state expansion has invariably been detected in single-molecule FRET experiments. However, why do we observe an increase in R g using SAXS while such an expansion was not resolved in some earlier studies?
As our data illustrate, detecting changes of R g from SAXS data is challenging due to the subtle variations in the shape of I(q) with denaturant concentration and the large associated errors for each data set ( Figure S5 ), as previously suggested. 42 The trend becomes clear only with repeated independent data collections for each combination of protein and denaturant concentration, sampling a sufficiently large number of denaturant concentrations, and careful control of the effects of interparticle interference and protein self-association. The latter necessitates the use of low protein concentrations, requiring high flux of the incident beam. Even with the undulator beamline and third-generation synchrotron source at the Argonne National Laboratory, the dependence of R g on denaturant concentration is noisy, particularly at the higher denaturant concentrations, where the decreased protein/buffer contrast and higher X-ray absorption increase the uncertainty of the experimental data. Both a reduction of the applicable range of the Guinier approximation with the expansion of the protein at higher denaturant concentration and the lack of reliable lowest q data reduce the apparent fitted R g progressively as the denaturant concentration increases. A systematic analysis of the validity of the Guinier fit to the primary SAXS data is challenging because of the experimental noise, but we can use the smooth I(q) calculated from the structure ensembles to illustrate this point: in Figure 5e we show the dependence of the Guinier-fitted R g on q max R g . If the fit is started from q = 0 then the systematic error of the fit reaches ∼0.1 nm for q max R g ≈ 0.9. However, if the fit is started at the q corresponding to the first experimental data point (always q > 0), the underestimation of R g is even greater (blue curve in Figure  5e ). Finally, for equilibrium SAXS measurements, reliable radii of gyration can only be extracted well above the denaturation midpoint, due to the difficulty of accounting for native state scattering at lower denaturant concentration. 18−20 Our results are in fact consistent with the earlier findings of little variation in R g above typical midpoint denaturant concentrations. 23 To illustrate the difficulty of observing an R g change at high denaturant concentration, we fit the dependence of R g from the SAXS Guinier region on denaturant concentration ( Figure 6 ) with two linear models: one with both slope and intercept as free parameters, and the other with only the intercept as a free parameter and the slope fixed to zero. Since the model with two parameters always fits better, we introduce the Bayesian information criterion (BIC) 96 to evaluate whether the fit is significantly better if the slope is not fixed to zero. In Table S5 , we show that if we fit R g over all denaturant concentrations, the BIC score indicates with high significance that the twoparameter model with nonzero denaturant dependence is better. However, when restricting the fit to data from denaturant concentrations above 3 M (urea or GdmCl), in three of the four cases the SAXS data fail to indicate a statistically meaningful change of R g with denaturant concentration, and in the fourth (ACTR in GdmCl), the improvement when including denaturant dependence of R g is of marginal significance. These results stress the importance of making as many measurements of R g over as wide a range of denaturant conditions as possible in order to have the best chance of resolving any variation. In principle, for stably folded proteins, time-resolved SAXS measurements could provide access to the low-denaturant region, where we find R g expansion to be most prominent. However, in most cases time-resolved SAXS measurements also suggest no collapse after denaturant dilution, even when the final denaturant concentration is very low. 21−24 We cannot comment directly on these results except to note that these measurements, performed with very short exposures, would have even larger errors than static scattering data.
The potential presence of small amounts of aggregates or other larger particles in the sample may distort the R g extracted from the SAXS measurements. To mitigate this problem, we first selected highly soluble proteins, and second used sample aliquots coming from the exact same batch (i.e., identical samples) for SAXS and DLS experiments, following the same handling protocols for both techniques, as described in the Supporting Information. In this way, we were able to use the exquisite sensitivity of DLS to aggregation to determine that we always had ≤1% of slow-diffusing particles in our samples at every denaturant concentration. Simulations of the effect of hypothetical protein aggregates consistent with the ∼80 nm size extracted from DLS measurements show the effect on SAXS data to be negligible in that range. We note, however, that higher concentrations of aggregates could lead to an overestimation of R g , especially at the lowest denaturant concentrations, where aggregation is most likely to occur.
A potential complication in FRET experiments is whether the extrinsic fluorophores themselves influence the results, perhaps inducing collapse, although molecular simulations suggest this to be a small effect. 72, 97 To probe for this contribution, we tested some of the most hydrophobic chromophores currently available, which lead to a pronounced additional collapse of ACTR in the absence of denaturant. However, the resulting transfer efficiencies are incompatible with our SAXS data in the sense that the structural ensembles produced using both the SAXS data and the hydrophobic dyes require rather extreme reweighting, and ensembles produced with SAXS or FRET alone do not reproduce the respective other data set (Table S4 ). In contrast, the SAXS data are consistent with the FRET data collected from the protein labeled with the hydrophilic dyes used here and in many other experiments. Further direct evidence for the absence of an effect from the labels comes from the agreement of the 2f-FCS results on labeled protein with the DLS measurements on unlabeled protein, indicating at most a modest R h increase, possibly due to the contribution of the fluorophores to the protein mass (+6% or +10% for R17d or ACTR, respectively). Lastly, in many experiments using identical dye pairs, large differences in FRET-based intramolecular distances have been observed for different polypeptide sequences, demonstrating that changes in the charge composition and hydrophobicity of the polypeptide chain itself are dominant over any effects from the fluorophores. 40, 63, 98 For a quantitative determination of average distance, R, and radius of gyration, R g , from single-molecule FRET and comparison with SAXS without using ensemble refinement, important considerations are the uncertainty in the transfer efficiency and the need to assume a specific polymer model. From more than a decade of measurements in our laboratory, using different instruments and dye pairs, we estimate an accuracy in the transfer efficiency, ΔE, of ∼0.02, mainly arising from instrument calibration and other corrections; the precision of transfer efficiency measurements performed on a single instrument on the same day is <0.005. Therefore, the greater challenge for the quantitative interpretation of singlemolecule FRET experiments on unfolded proteins is the model dependence of the conversion of E to R and R g . Our results indicate that using the P(r) of simple polymer models may overestimate the degree of expansion. As pointed out previously, using P(r) of a Gaussian chain leads to an overestimation of chain dimensions by ∼10% at the highest denaturant concentrations 65 but often provides a better approximation at low denaturant ( Figure 6 ). On the other hand, P(r) of a SAW tends to underestimate chain dimensions at low denaturant concentrations but provides a better approximation at high denaturant concentrations ( Figure 6 ). Given the crossover 99 from Θ to good solvent conditions during denaturant-induced chain expansion, 40 this observation is not entirely surprising and can contribute to the apparent discrepancy with SAXS results. Using the distance distribution of a SAW, we find that we are able to more accurately recover the distance R and radius of gyration R g from the transfer efficiency when applied to synthetic data from simulations ( Figure S4 ). In the absence of molecular simulations for ensemble refinement, polymer models thus provide useful estimates of intramolecular distance distributions, but the choice of the model leads to a variability of ∼10% in chain dimensions ( Figure 6 ). The conversion of R to R g involves additional assumptions regarding the ratio of the two quantities, which depends on solvent quality, 68, 99 and thus introduces additional uncertainty.
Because of the controversy we aim to address, our analysis has been focused mainly on the radius of gyration and related quantities that probe large-scale features and overall dimensions of the sampled molecular conformations. Obtaining a consistent value of this most basic property of an unfolded or disordered protein states, when measured by different techniques, is clearly a prerequisite for developing structural models for these states. Nonetheless, the ensemble of states populated by an IDP or unfolded protein cannot always be reduced to a description in terms of simple polymer theories, and specific local interactions and structure may be important in many cases. 100, 101 Resolving the apparent disagreement between SAXS and FRET experiments opens the way to the integration of both types of data in detailed structural models of disordered proteins.
■ CONCLUSIONS
Previously, qualitative discrepancies regarding the effect of chemical denaturants on the dimensions of unfolded and disordered proteins have been reported when comparing the results from SAXS and other experimental methods, especially FRET. However, the two methods had previously only been applied to one protein in common, protein L. In the present work, by comparing two different proteins in two different denaturants and using four different experimental methods, we find that all results are self-consistent and show an increase of the average distance between FRET labels, radius of gyration, polymer scaling exponent, and hydrodynamic radius of the chains with increasing denaturant concentration. These findings are consistent with expectations based on the improved solvent quality in concentrated denaturant solutions. We stress that while the proteins considered here do collapse as the denaturant concentration is reduced, they do not form a fully collapsed globule in water. 6, 35, 58, 92 Instead, they populate a partially compacted ensemble close to the Θ state, in which protein and solvent interactions are balanced, a situation also obtained for other proteins. 40, 44 A careful analysis of our results helps to explain the apparent discrepancies in earlier work. First, the FRET efficiency is inherently more sensitive to changes in protein expansion, due to the greater relative change of R with denaturant than R g or R h and due to the nonlinear distance dependence of FRET. In addition, the use of polymerbased distance distributions for obtaining average distance and radius of gyration from FRET can lead to an overestimation of the degree of chain expansion with denaturant. On the other hand, probing expansion by SAXS is complicated by several factors, which may lead to an underestimation, including most prominently (i) the sensitivity of R g to the fitting range used in the Guinier analysis and (ii) the difficulty of determining R g at the lowest denaturant concentrations, where the largest changes in protein dimensions occur, in equilibrium ensemble-averaged techniques such as SAXS that are restricted to measurements sufficiently far above the unfolding midpoint. The integrated experimental approach presented here, combined with Bayesian ensemble refinement, suggests a plausible resolution to a longstanding controversy.
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